20E

:   20‐hydroxyecdysone

AhR

:   aryl hydrocarbon receptor

DBH

:   dibenzoylhydrazine

DMSO

:   dimethyl sulfoxide

DR

:   direct repeat

DTT

:   dithiothreitol

E2

:   17β‐estradiol

EcR

:   ecdysone receptor

EcRE

:   ecdysone response element

E

:   Ecdysone

ER

:   estrogen receptor

ER

:   everted repeat

GRE

:   glucocorticoid‐responsive element

GR

:   glucocorticoid receptor

IGD

:   insect growth disruptor

IGR

:   insect growth regulator

IR

:   inverted repeat

JH

:   juvenile hormone

LBD

:   ligand‐binding domain

MH

:   molting hormone

MR

:   mineralocorticoid receptor

OD

:   optical density

ONPG

:   *o‐*nitrophenyl‐β‐[d]{.smallcaps}‐galactopyranoside

Pon A

:   ponasterone A

RAR

:   retinoid acid receptor

RE

:   responsive elements

RXR

:   retinoid X receptor

Tai

:   taiman

THQ

:   tetrahydroquinoline

TR

:   thyroid hormone receptor

USP

:   ultraspiracle

Insect development is regulated by two types of insect‐specific peripheral hormones: molting hormones (MHs) and juvenile hormones (JHs). 20‐Hydroxyecdysone (20E) and JH‐III are commonly used as MHs and JHs, respectively, in most insects. Compounds that mimic these hormones may be used as insecticides, which are categorized as insect growth regulators (IGRs) or insect growth disruptors (IGDs) [1](#feb412239-bib-0001){ref-type="ref"}. Five MH and two JH agonists are used as insecticides in the agricultural market [2](#feb412239-bib-0002){ref-type="ref"}.

The activities of MHs and JHs were previously measured using a simple traditional bioassay system that required the whole body such as ligation, injection, topical, and dip methods (*in vivo*) [3](#feb412239-bib-0003){ref-type="ref"}, [4](#feb412239-bib-0004){ref-type="ref"} prior to the development of molecular techniques. *In vitro* systems using imaginal disks [5](#feb412239-bib-0005){ref-type="ref"} and cultured integuments [6](#feb412239-bib-0006){ref-type="ref"}, [7](#feb412239-bib-0007){ref-type="ref"} have since been developed in order to measure the activities of insect hormones and IGRs. The cultured integument system used to detect molting hormone activity was later modified by Nakagawa *et al*. [8](#feb412239-bib-0008){ref-type="ref"}, [9](#feb412239-bib-0009){ref-type="ref"}, in which the induction of chitin synthesis by 20E was measured. Intact insect cells or *in vitro* translated receptor proteins have recently been used to measure ligand--receptor binding affinity [10](#feb412239-bib-0010){ref-type="ref"}, [11](#feb412239-bib-0011){ref-type="ref"}, [12](#feb412239-bib-0012){ref-type="ref"}, [13](#feb412239-bib-0013){ref-type="ref"}.

The chemical structures of MHs were identified in 1964 [14](#feb412239-bib-0014){ref-type="ref"}, [15](#feb412239-bib-0015){ref-type="ref"}, and the ecdysone receptor (EcR) and its partner protein ultraspiracle (USP) were identified in the fruit fly *Drosophila melanogaster* using cDNA cloning techniques [16](#feb412239-bib-0016){ref-type="ref"}, [17](#feb412239-bib-0017){ref-type="ref"}, [18](#feb412239-bib-0018){ref-type="ref"}. EcR and USP were found to be homologous to vertebrate nuclear receptor proteins, and EcR--USP complexes derived from various insect species have been characterized [19](#feb412239-bib-0019){ref-type="ref"}. Ligand--receptor binding was elucidated using a crystal structure analysis [20](#feb412239-bib-0020){ref-type="ref"}, which accelerated the *in silico* ligand design [21](#feb412239-bib-0021){ref-type="ref"}. Under these conditions, various MH‐like compounds with novel chemical structures have been discovered and some have been chemically synthesized [2](#feb412239-bib-0002){ref-type="ref"}. The identification of EcR and USP genes has resulted in *in vitro* ligand--receptor‐binding assays [12](#feb412239-bib-0012){ref-type="ref"}, [22](#feb412239-bib-0022){ref-type="ref"}, [23](#feb412239-bib-0023){ref-type="ref"}.

Reporter gene assay is also used as an alternative method to detect the MH activities of artificial compounds. EcR--USP‐dependent RGA is based on the quantitation of the expression of reporter genes in various insect cells [23](#feb412239-bib-0023){ref-type="ref"}, [24](#feb412239-bib-0024){ref-type="ref"}, [25](#feb412239-bib-0025){ref-type="ref"}, [26](#feb412239-bib-0026){ref-type="ref"}, [27](#feb412239-bib-0027){ref-type="ref"}, [28](#feb412239-bib-0028){ref-type="ref"}; however, MH activity evaluated using this assay varies due to the presence of endogenous species‐specific EcR--USP and cofactors. If it is possible to reconstitute the RGA system in EcR--USP‐free cells such as yeasts, this assay may have the capacity to measure MH activity directly by expressing the EcR--USP of various insect species. We previously established yeast RGA to detect environmental contaminants containing vertebrate nuclear receptor ligands [29](#feb412239-bib-0029){ref-type="ref"}, [30](#feb412239-bib-0030){ref-type="ref"}, [31](#feb412239-bib-0031){ref-type="ref"}, [32](#feb412239-bib-0032){ref-type="ref"}, [33](#feb412239-bib-0033){ref-type="ref"}, [34](#feb412239-bib-0034){ref-type="ref"}, [35](#feb412239-bib-0035){ref-type="ref"}, [36](#feb412239-bib-0036){ref-type="ref"}, [37](#feb412239-bib-0037){ref-type="ref"}. Yeast RGAs are simpler, easier to handle, and less expensive than mammalian cell‐based bioassays and instrumental analyses.

In the present study, we newly developed yeast RGAs to quantitatively measure the activities of MHs in recombinant yeast strains. EcR and USP derived from three different insect species: the dipteran *D. melanogaster*, lepidopteran *Chilo suppressalis*, and coleopteran *Leptinotarsa decemlineata*, were expressed along with the transcriptional coactivator taiman (Tai) from *D. melanogaster* (Fig. [1](#feb412239-fig-0001){ref-type="fig"}). Tai is one of key components to construct the yeast RGAs since it binds to EcR--USP in a ligand‐dependent manner and potentiates transcriptional activation in insect cultured cells [38](#feb412239-bib-0038){ref-type="ref"}. We compared the responses of EcR--USP against natural steroid hormones among the three insect species using established EcR--USP assay yeasts. We also examined whether this yeast RGA has the ability to measure the insect‐selective effects of synthetic nonsteroidal ecdysone agonists.

![Principle of the RGA with yeast strains expressing insect ecdysone receptors. The ecdysone receptors EcR and USP expressed in yeast cells bind to upstream response elements of the *lacZ* reporter gene in response to ligands. Tai, a transcriptional coactivator, cooperates with EcR--USP and enhances the induction of β‐galactosidase. The expression of β‐gal may be visualized and quantified by the development of a yellow color due to the accumulation of ONP in the assay buffer.](FEB4-7-995-g001){#feb412239-fig-0001}

Materials and methods {#feb412239-sec-0002}
=====================

Strains and media {#feb412239-sec-0003}
-----------------

The *Escherichia coli* strain, DH5α, was used as a host strain to amplify plasmid DNA. *Saccharomyces cerevisiae* W303a (*MAT*a, *ura3‐1*,*ade2‐1*,*trp1‐1*,*leu2‐3*,*his3‐11*,*15*,*can1‐100*) was used to establish reporter assay yeast strains. Yeast extract peptone dextrose (YPD) and synthetic dextrose complete dropout (SDC‐X) media were prepared as previously described [39](#feb412239-bib-0039){ref-type="ref"}. Synthetic galactose complete dropout (SGC‐X) media contained 2% (w/v) galactose instead of dextrose. All solid media contained 2% (w/v) agar in plates.

Chemicals {#feb412239-sec-0004}
---------

A tetrahydroquinoline (THQ)‐type compound (C~23~H~19~BrF~2~N~2~O) was synthesized as previously described [40](#feb412239-bib-0040){ref-type="ref"}, [41](#feb412239-bib-0041){ref-type="ref"}. Dimethyl sulfoxide (DMSO), tebufenozide, methoxyfenozide, chromafenozide, corticosterone, hydrocortisone, and testosterone were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Dithiothreitol (DTT), 17β‐estradiol (E2), and progesterone were obtained from Nacalai Tesque (Kyoto, Japan). 20‐Hydroxyecdysone (20E), ecdysone, ponasterone A (Pon A), aldosterone, halofenozide, and *o‐*nitrophenyl‐β‐[d]{.smallcaps}‐galactopyranoside (ONPG) were purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA). Restriction enzymes, DNA modification enzymes, and other chemicals were obtained from Wako Pure Chemical Industries, Ltd., TaKaRa Bio Inc. (Otsu, Japan), or TOYOBO Co., Ltd. (Osaka, Japan).

Plasmid construction {#feb412239-sec-0005}
--------------------

The EcR--USP and DmTai expression plasmids and the reporter plasmid carrying the ecdysone response element (EcRE) from the *D. melanogaster hsp27* gene were constructed for the development of EcR--USP ligand reporter assays. The primer sequences used in this study were synthesized by Sigma‐Aldrich (Tokyo, Japan) and are listed in Table [S1](#feb412239-sup-0004){ref-type="supplementary-material"}.

The DNA fragments containing the DmEcRB1 (GenBank accession number [M74078](M74078)) and DmUSP ([NM_001272239](NM_001272239)) ORFs were obtained using a PCR from the plasmids, pCMA‐EcR‐B1and pCMA‐USP [42](#feb412239-bib-0042){ref-type="ref"}, with the primer pairs DmEcRFwd and DmEcR Rev, and DmUSP Fwd and DmUSP Rev, respectively, which contain a restriction site and/or yeast ribosomal binding consensus sequence near the initiation codon. PCR was performed with high‐fidelity PCR polymerase KOD‐plus‐ver. 2 or KOD‐plus‐Neo (TOYOBO Co. Ltd.) according to the manufacturer\'s instructions. The amplified fragments were digested with *Sal*I and *Hin*dIII for DmEcR, and *Sma*I and *Eco*RI for DmUSP, and cloned into the corresponding sites of multicloning site (MCS) 1 and MCS2 of the expression vector pUdp6 [33](#feb412239-bib-0033){ref-type="ref"}, respectively. Similarly, CsEcRB1 ([AB067812](AB067812)) and CsUSP ([AB081840](AB081840)) were amplified from the plasmids pEU3‐NII‐EcR and pEU3‐NII‐USP, respectively [43](#feb412239-bib-0043){ref-type="ref"}. LdEcRA ([AB211191](AB211191)) and LdUSP ([AB211193](AB211193)) ORFs were derived from pET‐23a(+)‐LdEcR and pET‐23a(+)‐USP [22](#feb412239-bib-0022){ref-type="ref"}, respectively. PCR fragments were digested with *Bam*HI and *Hin*dIII for CsEcR, *Sma*I and *Eco*RI for CsUSP, *Xba*I and *Hin*dIII for LdEcR, and *Sma*I and *Sac*I for LdUSP, and inserted into the corresponding sites of pUdp6. The resultant plasmids were designated as pUdp6‐DmEcR, pUdp6‐DmUSP, pUdp6‐CsEcR, pUdp6‐CsUSP, pUdp6‐LdEcR, and pUdp6‐LdUSP, respectively. The plasmids were isolated and purified using a QIAGEN Mini Prep Kit (Valencia, CA, USA), and the nucleotide sequences of EcR and USP ORFs were confirmed using the ABI DNA sequencer. In order to construct EcR--USP heterodimer‐expressing plasmids, the DNA fragment containing the USP gene was excised from each USP‐expressing plasmid, and cloned into the MCS2 of each EcR‐expressing plasmid of the corresponding insect. The plasmids obtained were designated as pUdp6‐DmEcR‐USP, pUdp6‐CsEcR‐USP, and pUdp6‐LdEcR‐USP, respectively (Fig. [2](#feb412239-fig-0002){ref-type="fig"}A).

![Maps of plasmids used in this study. Plasmid maps of the EcR‐USP expression plasmids pUdp6‐EcR‐USP (A), coactivator expression plasmid pESC‐Leu‐DmTai (B), and reporter plasmids (C). In the map, P~*GAL*~ ~*1,\ 10*~: *GAL1, 10* dual directional promoter; T~*ADH*~ ~*1*~: terminator sequence of yeast alcohol dehydrogenase gene 1 (*ADH1*); T~*CYC*~ ~*1*~: terminator sequence of yeast cytochrome C gene 1 (*CYC1*); the *Eco*RV and *Bst*BI sites were indicated in (A).](FEB4-7-995-g002){#feb412239-fig-0002}

The ORF of the transcriptional coactivator DmTai was amplified from *D. melanogaster* larva poly A^+^ RNA (Clontech, Palo Alto, CA, USA) by a RT‐PCR. cDNA was obtained using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA). DmTai cDNA was amplified by PCR using KOD‐plus Neo DNA polymerase with the primers DmTai Fwd and DmTai Rev, which were designed based on the nucleotide sequence registered in the DDBJ/EMBL/GenBank database (ID: [AY008258](AY008258)). An amplified DNA fragment of \~ 6 kb was cloned into the pCR2.1 TOPO vector (Invitrogen) by TA cloning and sequenced. The cloned DNA fragment containing DmTai ORF was excised out from the pCR2.1 TOPO vector by digestion with *Bgl*II and *Hin*dIII, and inserted into the *Bam*HI--*Hin*dIII sites of multicloning site (MCS) 2 on the yeast expression vector pESC‐Leu (Agilent Technologies, Inc., Santa Clara, CA, USA). We found significant numbers of sequence alterations including four in‐frame insertions/deletions and three amino acid substitutions in cloned DmTai ORF, which were distinct from the sequence of [AY008258](AY008258). The most notable difference between our DmTai clone and [AY008258](AY008258) was an in‐frame deletion of 63 bp. A comparison of the nucleotide and deduced amino acid sequences with those of the DmTai variants C, D, E, F, G, and H registered in the DDBJ/EMBL/GenBank database revealed that our DmTai clone was amplified from variant C ([NM_001201817](NM_001201817)) or D ([NM_078797](NM_078797)) mRNAs. Since this plasmid exhibited functional transcriptional coactivation activity against EcR--USP in yeast cells, we designated this plasmid as pESC‐Leu‐DmTai (Fig. [2](#feb412239-fig-0002){ref-type="fig"}B) and used it to establish yeast strains for EcR--USP assays in this study. The expression of EcR--USP and DmTai in yeast is under the control of the galactose‐driven *GAL1, 10* dual directional promoter.

In order to construct the reporter plasmids pYTβ‐Dmhsp27 × 1, pYTβ‐Dmhsp27 × 2, and pYTβ‐Dmhsp27 × 3 carrying the ecdysone‐responsive element (EcRE) found on the promoter region of *D. melanogaster hsp27*, one to three copies of *hsp27* EcRE‐containing oligonucleotides were inserted into the pRW95‐3 vector [44](#feb412239-bib-0044){ref-type="ref"} upstream of the CYC1 minimal promoter. The oligonucleotides Dmhsp27 Fwd and Dmhsp27 Rev (Table[S1](#feb412239-sup-0004){ref-type="supplementary-material"}) were annealed, phosphorylated with T4 polynucleotide kinase, ligated, and inserted into the *Spe*I site of pRW95‐3. The copy numbers and orientation of Dmhsp EcRE on each plasmid were confirmed by sequencing. Other reporter plasmids carrying responsive elements (RE) for human nuclear receptors \[Inverted repeat (IR)‐, direct repeat (DR)‐, everted repeat (ER)‐type REs, and glucocorticoid‐responsive element (GRE)\] that had been previously constructed in our laboratory [33](#feb412239-bib-0033){ref-type="ref"}, [35](#feb412239-bib-0035){ref-type="ref"}, [36](#feb412239-bib-0036){ref-type="ref"} (Fig. [2](#feb412239-fig-0002){ref-type="fig"}C and Table[S2](#feb412239-sup-0004){ref-type="supplementary-material"}) were also used to optimize the reporter assay for EcR--USP assays. pYTβ‐IR0 × 5, pYTβ‐DR2 × 4, and pYTβ‐DR4 × 7 contained five copies of IR0 (AGGTCATGACCT), four copies of DR2 (AGCGGATAAGGTCA), and seven copies of DR4 (AGGTCACAGGAGGTCA), respectively, were chosen as reporter plasmids to establish yeast strains for the DmEcR‐USP, CsEcR‐USP, and LdEcR‐USP assays, respectively.

Establishment of the yeast RGA {#feb412239-sec-0006}
------------------------------

Yeast transformation was performed using the lithium acetate procedure as previously described [45](#feb412239-bib-0045){ref-type="ref"}. In this yeast RGA method, one of the reporter plasmids and the expression plasmid for DmTai, pESC‐Leu‐DmTai, were introduced into the wild‐type yeast strain W303a. A transformant grown on SDC‐TRP/LEU agar medium was isolated and used as a host for subsequent transformation. The EcR--USP expression plasmid pUdp6‐DmEcR‐USP was linearized by *Eco*RV digestion, and pUdp6‐CsEcR‐USP and pUdp6‐LdEcR‐USP were linearized by *Bst*BI digestion and integrated into the *ura3* locus in the yeast genome by homologous recombination. Transformants were selected on SCD‐TRP/LEU/URA agar plates. Plasmids expressing EcR or USP only were also linearized by *Eco*RV (DmEcR and DmUSP) or *Bst*BI (CsEcR, CsUSP, LdEcR, and LdUSP) digestion, and introduced into W303a, as described above.

Measurement of MH activity using the yeast RGA {#feb412239-sec-0007}
----------------------------------------------

This RGA was conducted as described previously [36](#feb412239-bib-0036){ref-type="ref"}. Single colonies of the yeast strains were grown in SDC‐TRP/LEU/URA medium at 30 °C overnight, and the optical density (OD) at 595 nm of each culture was adjusted to 1.0 with the same medium. A 1‐μL aliquot of the test chemicals dissolved in DMSO, 10 μL of the overnight culture yeast, and 90 μL of SGC‐TRP/LEU/URA (to induce EcR--USP and DmTai expression) were mixed in a 96‐well polystyrene microplate with subsequent incubation for 18 h at 30 °C. Each cell suspension (10 μL) was transferred to a new 96‐well microplate and 100 μL of Z‐buffer (60 m[m]{.smallcaps} Na~2~HPO~4~, 40 m[m]{.smallcaps} NaH~2~PO~4~, 1 m[m]{.smallcaps} MgSO~4~, 10 m[m]{.smallcaps} KCl, 2 m[m]{.smallcaps} DTT, and 0.2% sarcosyl, adjusted to pH 7.0) containing 1 mg·mL^−1^ ONPG was added to the plates with subsequent incubation at 37 °C for 60 min. Absorbance at wavelengths of 405 and 595 nm was measured using Micro Plate Reader Model 680 (BioRad Laboratories, Inc., Hercules, CA, USA) in order to estimate β‐galactosidase activity as the amount of *o*‐nitrophenol produced and yeast cell density, respectively. Agonist‐dependent *lacZ* reporter induction was demonstrated as 'an increase in induction', which was calculated using the following formula: \[OD~405~ (sample)/OD~595~ (sample)\] − \[OD~405~ (DMSO)/OD~595~ (DMSO)\]. Data were analyzed using the Student\'s *t*‐test to assess significance between two sets of values. Probability (*P*) values \< 0.01 were considered significant. Based on the dose--response curves of the reporter assays in each strain, the 50% effective concentration \[EC~50~ (μ[m]{.smallcaps})\] for each compound was evaluated using Probit transformation [46](#feb412239-bib-0046){ref-type="ref"}.

Results {#feb412239-sec-0008}
=======

Optimization of the yeast RGA {#feb412239-sec-0009}
-----------------------------

In order to optimize RGA for the EcR--USP of three insect species from different taxonomic orders, we constructed new reporter plasmids carrying EcRE of the *Dmhsp27* promoter, which was first identified as EcRE [47](#feb412239-bib-0047){ref-type="ref"}. As shown in Fig.[S1A](#feb412239-sup-0001){ref-type="supplementary-material"}, the yeast strains carrying DmEcR--USP exhibited reporter activities in response to 20E and increased transactivation in a manner that depended on the copy number of the Dmhsp27 EcRE motif. We also tested reporter plasmids carrying IR, DR, ER, and GRE as the response element. DmEcR‐USP strongly activated 20E‐induced reporter gene expression in yeast via ER6, IR0, IR4, DR1, DR4, and DR5 (Fig.[S1B](#feb412239-sup-0001){ref-type="supplementary-material"}). IR0 was the most responsive element among these response elements. The reporter activity of the yeast strain carrying IR0 was markedly higher than that of the strain carrying three copies of Dmhsp27 EcRE (Fig.[S1](#feb412239-sup-0001){ref-type="supplementary-material"}A,B). Therefore, we selected pYT‐IR0 × 5 containing five copies of IR0 as a reporter plasmid for the DmEcR‐USP assay in this study. We also investigated whether the coactivator DmTai exhibited the ability to enhance the responses of DmEcR‐USP. As shown in Fig.[S1B](#feb412239-sup-0001){ref-type="supplementary-material"}, the expression of DmTai markedly enhanced the response against 20E in yeast strains expressing DmEcR‐USP.

Similarly, yeast strains expressing CsEcR‐USP and LdEcR‐USP along with DmTai were also established and responses to 20E were compared among various response elements. In CsEcR‐USP strains, a number of response elements functioned as EcRE (Fig.[S1C](#feb412239-sup-0001){ref-type="supplementary-material"}). Among these response elements, DR2 was chosen for the EcRE of CsEcR‐USP because this strain showed less ligand‐independent β‐galactosidase activity than the others (data not shown). Regarding LdEcR‐USP, DR4 was the most efficient EcRE (Fig.[S1D](#feb412239-sup-0001){ref-type="supplementary-material"}). We selected the yeast strains carrying pYT‐DR2 × 4 and pYT‐DR4 × 7 as reporter plasmids for CsEcR‐USP and LdEcR‐USP, respectively, and further investigated their responses to endogenous and synthetic EcR ligands.

We also compared ligand responses in yeast strains expressing EcR--USP, EcR, and USP, respectively. Only the strains coexpressing EcR and USP induced *lacZ* reporter gene expression in response to 20E, while none of the strains expressing EcR or USP alone responded to 20E (Fig. [3](#feb412239-fig-0003){ref-type="fig"}).

![Requirement of USP expression for ligand responses in yeast strains expressing insect EcRs. The 20E responses of the yeast strains coexpressing EcR and USP (![](FEB4-7-995-g007.jpg "image")) were compared with those expressing EcR (![](FEB4-7-995-g008.jpg "image")) or USP (![](FEB4-7-995-g009.jpg "image")) alone. Data represent the mean ± SD of triplicate experiments.](FEB4-7-995-g003){#feb412239-fig-0003}

Responses of the yeast RGA to endogenous and plant‐derived ecdysteroids {#feb412239-sec-0010}
-----------------------------------------------------------------------

As shown in Fig. [4](#feb412239-fig-0004){ref-type="fig"}, all yeast strains expressing EcR--USP responded to 20E and plant‐derived Pon A in dose‐dependent manners. Ecdysone (E), a precursor of 20E, slightly induced the *lacZ* reporter gene at high doses. The EC~50~ values of the ecdysteroids calculated from dose--response curves are shown in Table [1](#feb412239-tbl-0001){ref-type="table-wrap"}. Pon A was more potent than 20E in all EcR--USP assay yeast strains. The ligand potency of E was markedly less than that of 20E and Pon A. The order of potency was Pon A \> 20E \> E with all insect species (*P* \< 0.01). Among the three species, DmEcR‐USP was more responsive to all these ligands than the other two EcR--USP. Significant differences were observed in EC~50~ values (*P* \< 0.01) for 20E (Dm vs. Ld) and Pon A (Dm vs. Cs/Ld; Table [1](#feb412239-tbl-0001){ref-type="table-wrap"}). Our yeast RGA did not respond to vertebrate steroid hormones or alkylphenol compounds (Figs [S2](#feb412239-sup-0002){ref-type="supplementary-material"} and [S3](#feb412239-sup-0003){ref-type="supplementary-material"}). Only ecdysteroids and synthetic ecdysone agonists induced reporter gene expression in this yeast RGA (Figs [4](#feb412239-fig-0004){ref-type="fig"} and [5](#feb412239-fig-0005){ref-type="fig"}, see below).

![Responses to endogenous and plant‐derived ecdysteroids in yeast strains expressing DmEcR‐USP (![](FEB4-7-995-g010.jpg "image")), CsEcR‐USP (![](FEB4-7-995-g011.jpg "image")), and LdEcR‐USP (![](FEB4-7-995-g012.jpg "image")). Yeast reporter assays were conducted using 20E, ecdysone, or ponasterone A as ligands. Data represent the mean ± SD of triplicate experiments.](FEB4-7-995-g004){#feb412239-fig-0004}

###### 

Detection limit and EC~50~ of endogenous and plant‐derived ecdysteroids in EcR--USP assay yeasts. n.d., not determined

             DmEcR‐USP   CsEcR‐USP                                               LdEcR‐USP                                                                 
  ---------- ----------- ------------------------------------------------------- ----------- ------------------------------------------------------- ----- -------------------------------------------------------
  20E        10          12 ± 0.39                                               10          15 ± 1.1                                                10    16 ± 0.28
  Ecdysone   10          14 ± 0.77[\*](#feb412239-note-0001){ref-type="fn"}      100         n.d.                                                    100   n.d.
  Pon A      1           2.8 ± 0.13[\*\*](#feb412239-note-0001){ref-type="fn"}   1           6.5 ± 0.96[\*\*](#feb412239-note-0001){ref-type="fn"}   1     6.2 ± 0.21[\*\*](#feb412239-note-0001){ref-type="fn"}

EC~50~ values of \*ecdysone and \*\*pon A were significantly different (*P* \< 0.01) from that of 20E in each yeast strain.

John Wiley & Sons, Ltd

![Responses of EcR--USP assay yeasts against synthetic ecdysteroid agonists. The yeast strains expressing DmEcR‐USP (![](FEB4-7-995-g013.jpg "image")), CsEcR‐USP (![](FEB4-7-995-g014.jpg "image")), and LdEcR‐USP (![](FEB4-7-995-g015.jpg "image")) were exposed to THQ compound (A) and four DBHs: tebufenozide, methoxyfenozide, chromafenozide, and halofenozide (B), and the ligand‐dependent induction of β‐gal was measured. Data represent the mean ± SD of triplicate experiments.](FEB4-7-995-g005){#feb412239-fig-0005}

Responses to synthetic nonsteroidal ecdysone agonists {#feb412239-sec-0011}
-----------------------------------------------------

A Diptera‐selective THQ compound and four Lepidoptera‐selective dibenzoylhydrazine (DBH) compounds [1](#feb412239-bib-0001){ref-type="ref"}, [40](#feb412239-bib-0040){ref-type="ref"}, [48](#feb412239-bib-0048){ref-type="ref"} were submitted to the yeast RGA. RGAs with all EcR--USP responded to these ligands in a dose‐dependent manner (Fig. [5](#feb412239-fig-0005){ref-type="fig"}). In the assay with the THQ compound, the DmEcR‐USP assay yeast strain was the most responsive with a 10‐fold lower minimum detection limit than the other two EcR--USP‐expressing yeast strains. The EC~50~ value of THQ in the DmEcR‐USP assay yeast strain was approximately three‐ and eightfold lower than those in the CsEcR‐USP and LdEcR‐USP assay yeast strains, respectively (*P* \< 0.01; Fig. [5](#feb412239-fig-0005){ref-type="fig"}A and Table [2](#feb412239-tbl-0002){ref-type="table-wrap"}). Insect‐selective responses were prominent in the assay of DBHs. The sensitivity of the CsEcR‐USP assay yeast strain was the highest among the three EcR--USP assay yeast strains. The CsEcR‐USP yeast strain responded to DBHs at 10^−9^ [m]{.smallcaps}, except for halofenozide, and reporter activities reached the maximum level at 10^−7^ [m]{.smallcaps} (Fig. [5](#feb412239-fig-0005){ref-type="fig"}B). Although halofenozide was less potent than the other three compounds in this yeast RGA, it was consistent with previous findings showing that its affinity with *in vitro* translated CsEcR‐USP was significantly lower than other DBHs [49](#feb412239-bib-0049){ref-type="ref"}. The concentrations of the minimum detection limits for tebufenozide, methoxyfenozide, and chromafenozide in the CsEcR‐USP assay yeast strain were 100‐ and 1000‐fold lower, and EC~50~ values were \~ 60--190‐fold and 450--630‐fold lower than those in the DmEcR‐USP and LdEcR‐USP assay yeast strains, respectively (*P* \< 0.01). Although the insect‐selective activity of halofenozide was not as strong as the other three DBHs, the sensitivity of CsEcR‐USP was significant (*P* \< 0.01): 10‐ and 100‐fold lower minimum detection limits, and \~ 8‐ and 50‐fold lower EC~50~ values than DmEcR‐USP and LdEcR‐USP, respectively (Fig. [5](#feb412239-fig-0005){ref-type="fig"}B and Table [2](#feb412239-tbl-0002){ref-type="table-wrap"}).

###### 

Detection limit and EC~50~ of artificial ecdysteroid agonists in EcR--USP assay yeasts

                    DmEcR‐USP   CsEcR‐USP                                               LdEcR‐USP                                                                 
  ----------------- ----------- ------------------------------------------------------- ----------- ------------------------------------------------------- ----- ---------------------------------------------------------
  THQ compound      0.01        0.11 ± 0.021                                            0.1         0.34 ± 0.028[\*](#feb412239-note-0002){ref-type="fn"}   0.1   0.83 ± 0.062[\*\*](#feb412239-note-0002){ref-type="fn"}
  Tebufenozide      0.1         0.75 ± 0.16[\#](#feb412239-note-0002){ref-type="fn"}    0.001       0.0040 ± 0.00048                                        1     2.3 ± 0.44[\#\#](#feb412239-note-0002){ref-type="fn"}
  Methoxyfenozide   0.1         0.55 ± 0.073[\#](#feb412239-note-0002){ref-type="fn"}   0.001       0.0051 ± 0.00069                                        1     3.2 ± 0.39[\#\#](#feb412239-note-0002){ref-type="fn"}
  Chromafenozide    0.1         0.29 ± 0.016[\#](#feb412239-note-0002){ref-type="fn"}   0.001       0.0049 ± 0.00029                                        1     2.2 ± 0.39[\#\#](#feb412239-note-0002){ref-type="fn"}
  Halofenozide      0.1         1.5 ± 0.33[\#](#feb412239-note-0002){ref-type="fn"}     0.01        0.19 ± 0.022                                            1     9.3 ± 0.46[\#\#](#feb412239-note-0002){ref-type="fn"}

In the assay of THQ compounds, EC~50~ values were significantly different (*P* \< 0.01) between DmEcR‐USP and other insect species: \*DmEcR‐USP vs. CsEcR‐USP; \*\*DmEcR‐USP vs. LdEcR‐USP. In the assay of DBHs, EC~50~ values were significantly different between CsEcR‐USP and other insect species: ^\#^CsEcR‐USP vs. DmEcR‐USP; ^\#\#^CsEcR‐USP vs. LdEcR‐USP.

John Wiley & Sons, Ltd

Relationship between ligand potency in the yeast RGA and receptor‐binding activity {#feb412239-sec-0012}
----------------------------------------------------------------------------------

Potency in terms of the pEC~50~ of natural ecdysteroids and the synthetic nonsteroidal ecdysone agonists evaluated in this yeast RGA was compared with receptor‐binding activity (pIC~50~) [49](#feb412239-bib-0049){ref-type="ref"}. In the yeast RGA, the potencies of 20E and pon A were 40--130‐fold and 520--840‐fold, respectively, lower than their binding activities against EcR--USP: the correlation coefficient was not high (*r* = 0.918), and the slope of the regression line and intercept were far from 1 and 0, respectively. On the other hand, differences between EC~50~ in the yeast RGA and IC~50~ for the receptor‐binding activities of DBHs were within 6.6‐fold at most. The correlation coefficient of the regression line for DBHs was high (*r* = 0.984), with the slope of the regression line and intercept being close to 1 and 0, respectively (Fig. [6](#feb412239-fig-0006){ref-type="fig"}), indicating that the ligand potencies of DBHs in the yeast RGA strongly correlated with their receptor‐binding activities.

![Relationships between ligand potency in yeast reporter assays (pEC ~50~) and binding activities (pIC ~50~) of various ecdysteroids as well as artificial nonsteroidal ecdysone agonists to DmEcR‐USP (diamond marks), CsEcR‐USP (square marks), and LdEcR‐USP (triangle marks). (A) Comparison of the endogenous ecdysteroids 20E (blue marks), ecdysone (red marks), and plant‐derived ponasterone A (green marks). (B) Comparison of the DBHs, tebufenozide (blue marks), methoxyfenozide (red marks), chromafenozide (green marks), and halofenozide (purple marks). Correlation coefficiencies (*r*) are shown in each graph. The pIC ~50~ values referred as binding activity were from data reported by Minakuchi *et al*. [49](#feb412239-bib-0049){ref-type="ref"}.](FEB4-7-995-g006){#feb412239-fig-0006}

Discussion {#feb412239-sec-0013}
==========

Reporter gene assays are widely used to detect nuclear receptor ligands. We previously constructed RGAs using yeast cells that mimic cellular processes with intact nuclear receptors such as aryl hydrocarbon receptor (AhR), estrogen receptor (ER), glucocorticoid receptor (GR), mineralocorticoid receptor (MR), thyroid hormone receptor (TR), retinoid acid receptor (RAR), and retinoid X receptor (RXR) from vertebrates \[[29](#feb412239-bib-0029){ref-type="ref"}, [31](#feb412239-bib-0031){ref-type="ref"}, [32](#feb412239-bib-0032){ref-type="ref"}, [33](#feb412239-bib-0033){ref-type="ref"}, [35](#feb412239-bib-0035){ref-type="ref"}, [36](#feb412239-bib-0036){ref-type="ref"}, [37](#feb412239-bib-0037){ref-type="ref"}\]. Insect EcRs and USPs belong to the nuclear receptor superfamily, and function as ligand‐dependent transcription factors. EcR--USP bind to EcRE and enhance the transcription of downstream genes with the binding of molting hormones [17](#feb412239-bib-0017){ref-type="ref"}, [18](#feb412239-bib-0018){ref-type="ref"}, [50](#feb412239-bib-0050){ref-type="ref"}, [51](#feb412239-bib-0051){ref-type="ref"}. To date, RGAs for insect EcR--USP have been developed in insect cells [23](#feb412239-bib-0023){ref-type="ref"}, [24](#feb412239-bib-0024){ref-type="ref"}, [25](#feb412239-bib-0025){ref-type="ref"}, [26](#feb412239-bib-0026){ref-type="ref"}, [27](#feb412239-bib-0027){ref-type="ref"}, [28](#feb412239-bib-0028){ref-type="ref"}. Mammalian cells do not have EcR--USP, and are considered to be suitable for the construction of RGAs for the EcR--USP ligand interaction system without perturbation by insect endogenous EcR--USP [52](#feb412239-bib-0052){ref-type="ref"}. However, mammals have RXRs that are USP homologs and have the ability to heterodimerize with EcR [17](#feb412239-bib-0017){ref-type="ref"}, [18](#feb412239-bib-0018){ref-type="ref"}, [53](#feb412239-bib-0053){ref-type="ref"}, [54](#feb412239-bib-0054){ref-type="ref"}. This may lead to mis‐estimations of ligand potency in mammalian cells. The yeast RGA expressing EcR--USP has the advantage of directly measuring MH activity because yeasts do not have nuclear receptors (Fig. [1](#feb412239-fig-0001){ref-type="fig"}).

In order to elucidate the regulatory mechanisms underlying EcR--USP and their ligand specificities in more detail, the reconstitution of transcriptional regulation was previously undertaken in yeasts. However, the ligand‐dependent transactivation activities of EcR--USP were not detected even though the ligand binding of EcR expressed in yeast cells was confirmed to be dependent on USP [55](#feb412239-bib-0055){ref-type="ref"}, [56](#feb412239-bib-0056){ref-type="ref"}, [57](#feb412239-bib-0057){ref-type="ref"}. We herein showed that DmTai is necessary for the ligand‐dependent transcriptional activation of EcR--USP in yeast (Fig.[S1B](#feb412239-sup-0001){ref-type="supplementary-material"}). This is consistent with previous findings showing that the ligand‐dependent transactivation of EcR from *Choristoneura fumiferana* and *Aedes aegypti* was only detected in the presence of the mouse transcriptional coactivator GRIP1 in yeast [53](#feb412239-bib-0053){ref-type="ref"}, [54](#feb412239-bib-0054){ref-type="ref"}. DmTai is a *Drosophila* homolog of the vertebrate p160 family steroid hormone receptor coactivators \[SRC‐1, 2 (mouse GRIP1), 3\] [38](#feb412239-bib-0038){ref-type="ref"}, and may potentiate EcR--USP‐dependent transcriptional activation via histone acetylation and/or recruitment of the other transcriptional coactivators [58](#feb412239-bib-0058){ref-type="ref"}. We next showed that the response elements ER, IR, and DR motifs were more effective than Dmhsp27 in 20E‐dependent gene expression (Fig.[S1](#feb412239-sup-0001){ref-type="supplementary-material"}). This indicates that the EcR--USP of these insects have the ability to bind to these response elements in addition to hsp27 [59](#feb412239-bib-0059){ref-type="ref"}, [60](#feb412239-bib-0060){ref-type="ref"}, [61](#feb412239-bib-0061){ref-type="ref"}, [62](#feb412239-bib-0062){ref-type="ref"}, [63](#feb412239-bib-0063){ref-type="ref"}.

As shown in Fig. [3](#feb412239-fig-0003){ref-type="fig"}, 20E‐dependent gene expression was only observed in transgenic yeast strains with both EcR and USP genes, suggesting that the heterodimerization of EcR and USP is necessary for ligand‐dependent gene transactivation in yeasts. This result is consistent with previous findings showing that EcR require USP for ligand binding and binding to EcRE [12](#feb412239-bib-0012){ref-type="ref"}, [17](#feb412239-bib-0017){ref-type="ref"}, [18](#feb412239-bib-0018){ref-type="ref"}, [22](#feb412239-bib-0022){ref-type="ref"}, [64](#feb412239-bib-0064){ref-type="ref"}. The yeast strains did not respond to vertebrate steroid hormones, which are structurally similar to ecdysteroids and alkylphenols with endocrine‐disrupting activities against vertebrates and invertebrates including insects [33](#feb412239-bib-0033){ref-type="ref"}, [65](#feb412239-bib-0065){ref-type="ref"}, [66](#feb412239-bib-0066){ref-type="ref"}, [67](#feb412239-bib-0067){ref-type="ref"}, [68](#feb412239-bib-0068){ref-type="ref"}, [69](#feb412239-bib-0069){ref-type="ref"} (Figs [S2](#feb412239-sup-0002){ref-type="supplementary-material"} and [S3](#feb412239-sup-0003){ref-type="supplementary-material"}), indicating that our yeast RGA specifically responds to ligands with ecdysteroid activity.

20E and PonA both dose‐dependently induced *lacZ* reporter gene expression (Fig. [4](#feb412239-fig-0004){ref-type="fig"}). Ecdysone, which is a precursor of 20E and has weak MH activity in insects [70](#feb412239-bib-0070){ref-type="ref"}, also exhibited ligand ability in the yeast RGA (Fig. [4](#feb412239-fig-0004){ref-type="fig"}). The ligand responses observed in our yeast RGA are consistent with the ecdysteroid‐specific formation of phagocytotic clumps and transactivation activities of DmEcR‐USP in *Drosophila* cell lines [71](#feb412239-bib-0071){ref-type="ref"}, [72](#feb412239-bib-0072){ref-type="ref"} as well as to the binding affinities of these compounds to *in vitro* translated EcR--USP [49](#feb412239-bib-0049){ref-type="ref"}.

Some synthetic nonsteroidal ecdysone agonists exhibit insecticidal activities by disrupting the normal molting process in a taxonomic order‐selective manner. The insect‐selective ligand‐binding activities of these compounds were successfully detected in this yeast RGA. RGA using DmEcR‐DmUSP was the most responsive to the THQ compound, while RGA with CsEcR‐CsUSP was highly responsive to DBHs (Fig. [5](#feb412239-fig-0005){ref-type="fig"} and Table [2](#feb412239-tbl-0002){ref-type="table-wrap"}). This result is consistent with previous findings showing that dipteran EcR--USP specifically responds to THQ compounds [40](#feb412239-bib-0040){ref-type="ref"}, [48](#feb412239-bib-0048){ref-type="ref"}, while lepidopteran EcR--USP strongly binds to DBHs [1](#feb412239-bib-0001){ref-type="ref"}, [49](#feb412239-bib-0049){ref-type="ref"}. Previous studies suggested that the insect order‐selective effects of nonsteroidal ecdysone agonists were due to differences in ligand--receptor‐binding affinity rather than pharmacokinetic and metabolic differences [73](#feb412239-bib-0073){ref-type="ref"}, [74](#feb412239-bib-0074){ref-type="ref"}. The molecular phylogenetic tree based on the EcR sequences is significantly correlated with the taxonomic classification of various insect species with considerable divergences in the ligand‐binding domain (LBD) among the orders [22](#feb412239-bib-0022){ref-type="ref"}, [75](#feb412239-bib-0075){ref-type="ref"}, [76](#feb412239-bib-0076){ref-type="ref"}. It has been elucidated that DBHs have high accessibility to the ligand‐binding cavity of the lepidopteran EcR--USP compared with other insect orders\' EcR--USPs, while the structures of EcR/ecdysteroids complexes are similar among various orders, which may be a molecular basis for the taxonomic order selectivity of DBHs [2](#feb412239-bib-0002){ref-type="ref"}, [20](#feb412239-bib-0020){ref-type="ref"}, [77](#feb412239-bib-0077){ref-type="ref"}, [78](#feb412239-bib-0078){ref-type="ref"}, [79](#feb412239-bib-0079){ref-type="ref"}, [80](#feb412239-bib-0080){ref-type="ref"}, [81](#feb412239-bib-0081){ref-type="ref"}, [82](#feb412239-bib-0082){ref-type="ref"}. The mutational analysis and the quantitative structure‐activity relationship (QSAR) study suggested that the binding sites of the THQ compounds within the LBD of EcR differ from those of natural ecdysteroids and DBHs, and the THQ‐bound EcR--USP may take the taxonomic order/species‐selective active conformation [23](#feb412239-bib-0023){ref-type="ref"}, [27](#feb412239-bib-0027){ref-type="ref"}, [41](#feb412239-bib-0041){ref-type="ref"}, [83](#feb412239-bib-0083){ref-type="ref"}. These findings explain why nonsteroidal ecdysone agonists show insect order‐selective affinity against EcR--USP, while natural ecdysteroids bind to EcR with similar affinity among insect orders.

As shown in Fig. [6](#feb412239-fig-0006){ref-type="fig"}, activity in terms of the pEC~50~ of DBHs assessed in the yeast RGA linearly correlated with ligand‐binding activity (pIC~50~) measured using *in vitro* translated EcR--USP [49](#feb412239-bib-0049){ref-type="ref"}. However, the activity (pEC~50~) of ecdysteroids measured in the yeast RGA was \~ 1/100 that of the binding affinity (pIC~50~; Fig. [6](#feb412239-fig-0006){ref-type="fig"}). This may have been due to the poor uptake of ecdysteroids by yeast cells with cell walls. The deletion of genes encoding cell wall mannoproteins (*CWP1/CWP2*) and/or plasma membrane efflux pumps (*PDR5/PDR10*) may effectively alter the permeability of cell walls and increase intracellular ligand concentrations [36](#feb412239-bib-0036){ref-type="ref"}, [84](#feb412239-bib-0084){ref-type="ref"}, [85](#feb412239-bib-0085){ref-type="ref"}, [86](#feb412239-bib-0086){ref-type="ref"}. Deletion of the *ERG6* gene, which is involved in the synthesis of ergosterol, may also effectively enhance membrane permeability [87](#feb412239-bib-0087){ref-type="ref"}, [88](#feb412239-bib-0088){ref-type="ref"}. Synthetic nonsteroidal ecdysone agonists such as DBHs and THQs may be highly permeable to yeast cells, unlike natural ecdysteroids, and this may be due to the higher hydrophobicity of nonsteroids [11](#feb412239-bib-0011){ref-type="ref"}.

The receptor‐binding activities of nonsteroidal ecdysone agonists were previously reported to strongly correlate with the molting hormone activity, toxicity, and transactivation activity of EcR--USP in cultured insect cells [12](#feb412239-bib-0012){ref-type="ref"}, [23](#feb412239-bib-0023){ref-type="ref"}, [89](#feb412239-bib-0089){ref-type="ref"}, [90](#feb412239-bib-0090){ref-type="ref"}, [91](#feb412239-bib-0091){ref-type="ref"}, [92](#feb412239-bib-0092){ref-type="ref"}. Therefore, we may be able to clarify whether nonsteroidal test compounds possess hormonal or insecticidal activity in insects using this yeast RGA.

Insect growth regulators such as ecdysone agonists and juvenile hormone analogs are considered to be safe for mammals and ideal to control insect pests because these chemicals disrupt insect‐specific hormonal events [1](#feb412239-bib-0001){ref-type="ref"}. Some DBHs have been developed as insecticides [2](#feb412239-bib-0002){ref-type="ref"}, [93](#feb412239-bib-0093){ref-type="ref"}. Since genes encoding EcR and USP have been identified in a wide variety of insects [19](#feb412239-bib-0019){ref-type="ref"}, we can establish insect species‐specific RGA to detect ecdysone agonists.

Our yeast RGAs for nuclear receptor ligands can be carried out with quite simple and easy procedures, which guarantee robustness of these systems \[[29](#feb412239-bib-0029){ref-type="ref"}, [31](#feb412239-bib-0031){ref-type="ref"}, [32](#feb412239-bib-0032){ref-type="ref"}, [33](#feb412239-bib-0033){ref-type="ref"}, [35](#feb412239-bib-0035){ref-type="ref"}, [36](#feb412239-bib-0036){ref-type="ref"}, [37](#feb412239-bib-0037){ref-type="ref"}\]. Our yeast RGAs for the vertebrate nuclear receptors found ligand activity in the environmental samples and human body wastes [30](#feb412239-bib-0030){ref-type="ref"}, [32](#feb412239-bib-0032){ref-type="ref"}, [34](#feb412239-bib-0034){ref-type="ref"}, [36](#feb412239-bib-0036){ref-type="ref"}, [37](#feb412239-bib-0037){ref-type="ref"}, and detected agonistic and antagonistic activities of various ligands [33](#feb412239-bib-0033){ref-type="ref"}, [36](#feb412239-bib-0036){ref-type="ref"}, which indicate that our newly established yeast RGAs for the EcR--USP of *D. melanogaster*,*C. suppressalis*, and *L. decemlineata* may be valuable as a screening tool for novel ecdysone agonists and antagonist in plant extracts or large chemical libraries, and for synthetic IGR contamination in the environment. The RGAs will be further developed as a high throughput screening system for the EcR ligands.
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**Fig. S2.** No cross‐reactivities of EcR--USP assay yeasts against vertebrate steroid hormones.
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**Fig. S3.** No responses of EcR--USP assay yeasts against alkylphenol compounds.
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